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      ABSTRACT 
 
  The optical and electronic characteristics of thick OLEDs were examined by varying the thickness of the car-
rier-transport layers (NPB and Alq3) for the first time. For having better mode guiding, more than 285nm thickness de-
vice was studied in this paper. The experimental results show the threshold voltage is proportional to the total thickness 
but the breakdown electric fields decrease. I-V curves can be fitted with a second-order polynomial form, and these fit-
ting curves can be used for modeling the carrier transport in thick OLEDs. Eventually, a comprehensive model is pro-
posed to describe the carrier transport due to the trap effect in bulk organic materials. It shows this model is in a good 
agreement with our measured I-V curves. 
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1. INTRODUCTION 
 
 
  Polaron absorption around the electrode is one of the major optical losses in OLEDs. For an electrically pumped or-
ganic laser diode (OLD), suppressing this loss is essential for achieving a net optical gain1. One way to solve this prob-
lem is increasing the thickness of carrier-transport layers because they are not only the media for current injection but 
also the cladding layers confining the light resonated inside the active region. Large thickness has better optical con-
finement, which effectively reduces the polaron absorption at the electrode2. On the other hand, thick OLEDs also re-
quire high operation voltage to maintain the injected current, which is rarely linear with the applied voltage in most or-
ganic semiconductors. As a result, the electric field across the diode increases too. This increasing electric field further 
modifies the carrier mobility12, affecting the conductance of carrier-transport layers. In this paper, we focused on study-
ing the I-V characteristics of thick OLED. The results could be employed in designing OLDs.  
 
  This paper introduces a new model to describe the carrier transport in thick OLEDs. Although space-charge-limited 
model10, 12 (SCLC) has been extensively used for a thin OLED, this model only subject to a low current injection. Equa-
tion (1) is the solid-state analog of Child’s Law for SCLC in vacuum, where J is the current density, ε0 is the permittivity, 
ε is the dielectric constant of the organic material, V is the applied voltage, and L is the film thickness.  
 
                            J=
8
9 µεε 0 3
2V
L
                                                          (1) 
 
If the carriers are trapped in the defects, the current is reduced even by a factor of 10-8 in some cases. In fact, the J-V 
dependence in the presence of trapping, assuming various spatial and energetic distributions of traps but neglecting dif-
fusion, has been solved at various times12. In order to consider the trap effect in OLEDs with high injected currents, S. R. 
Forrest et al. proposed the traps limited current theory 9, 11 (TLC), which models the I-V characteristics piecewise ac-
cording to the operation region.  
 
Although previous models were developed to analyze the carrier transport in thin OLEDs, there are few studies in 
discussing the carrier transport in thick OLEDs, which will be potentially employed in OLDs. Current OLEDs only have 
an overall thickness about 100 nm3~8. In this study, we are interested in the layer thicknesses more than 285 nm, which is 
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approximately equal to an optical wavelength for green light coupling in Alq3 layer. Due to the large thickness in the car-
rier-transport layer, the trap effect in the bulk material has to be included. The electronic and optical performance of thick 
OLEDs will be different than that of thin OLEDs. To investigate the potentials of thick devices, this paper provides an 
experimental approach to understand the mechanism of carrier transport. Several I-V curves of various thick OLEDs 
were measured. By analyzing the data, a new model for carrier transport was proposed. This paper is organized as fol-
lows. In Section 2, the experimental details are briefly described. In Section 3, we show the experimental results, and a 
curve-fitting technique is applied to validate our model.  
 
2. EXPERIMENTAL SETUP 
 
 
  A reference OLED with a total thickness of 105 nm is used as a base for experimental studies. The structure is de-
signed according to a conventional OLED layer of ITO/CuPc/NPB/Alq3/Mg:Ag, where ITO is the transparent anode, 
Mg:Ag (molecular ratio 10:1) is the cathode, CuPc (Copper Phthalocyanines) is the hole injecting layer, NPB (bis 
-N-1-napthyl N-phenyl-amino biphenyl) is the hole transporting layer and Alq3 (tris-(8-hydroxyquinolate)-aluminum) is 
both the electron transporting and active layer. The thickness of each layer is set to be 15 nm for CuPc, 40 nm for NPB 
and 50 nm for Alq3. The light emitting area for all kinds of device is about 0.1cm2. In order to study the carrier transport 
of thick OLEDs, three other OLEDs were designed by proportionally increasing the thicknesses of NPB and Alq3 layer 
with three different ratios, as shown in Fig. 1. The total thicknesses were accounted for 195, 285 and 555nm, respectively. 
In the following content, these three OLEDs were labeled as two- , three- and six-time devices, according to the magni-
fied ratio of transport layer thickness. We measured and compared their threshold voltages (Vth), maximum breakdown 
voltage and luminance intensities.  
 
In order to obtain the above parameters of those devices, I-V and L-I data were measured by Keithley 2400 power 
meter. I-V and L-I curves were then plotted to evaluate performances of luminance powers. We figure out these I-V 
curves. These curves can be fitted with a second-order polynomial form. Then, second-order polynomial equation be 
used for modeling the carrier transport in thick OLEDs. 
 
 
 
Figure 1: Thick OLEDs fabricated by increasing the hole and electron transport layers. (A) is the reference device. (B), (C) and (D) are 
devices with the transport layer thickness more than (A) by 2, 3 and 6 times.  
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3. RESULTS AND DISCUSSIONS 
 
 
3.1 Experimental results 
 
Fig. 2 shows the measured I-V curves of the four devices. The threshold voltage is defined according to the injected 
current of 0.8mA, which is analogous to a turn-on diode. We further plotted the threshold voltages versus variable device 
thicknesses. Figure 3(a) shows that the threshold voltage of the six-time device is about 24.0V, compared with 4.6V for 
the reference device. The experimental results indicate that the threshold voltage is proportional to the thickness.  
 
        
 
Figure 2: I-V curves for devices (A), (B), (C) and (D), corresponding to the thickness of 105nm, 195nm, 285nm and 555nm, respec-
tively. 
 
  After calculating the electric filed and measuring breakdown voltages, we found that the maximum breakdown electric 
field (Emax) reduces as breakdown voltages increases (Fig 3(b)). The lower breakdown electric filed results from the deg-
radation of NPB layer since larger thickness would generate more Joule heat, due to the nonradiative recombination of 
electrons and holes in the thick NPB layer. In addition, the thermal conductance in organic materials is not as good as 
inorganic semiconductors. Consequently, the temperature increases. Because the glass transition temperature (Tg) of NPB 
is around 99℃, NPB probably become non-conductive material in high temperature. That could be the reason why the 
currents suddenly reduce to zero in 550nm device as the applied voltage is over 37.0V (as shown in Fig. 2). As high 
voltage was applied to thick device, not only tunneling effect at schottky contacts, but also avalanche breakdown hap-
pens inside the bulk of NPB layer. From different point of views, larger parasitic resistances of thick devices would cause 
electric filed drops and make the device reach avalanche breakdown by thermal run away effects. The effect is due to the 
hot carriers increase exponentially in high temperature and large electric field.  
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Figure 3: Thickness dependencies on (a) threshold voltages (Vth) and (b) breakdown electric fields. 
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In addition to the threshold voltage and the breakdown electric field, the luminance is also affected by the thickness of 
OLEDs. Thick OLEDs have narrower linear range of luminance versus injected current than thin OLEDs. As shown in 
fig. 4, the luminance of the 550nm device gradually saturate as the current is larger than 30 mA, which is equal to a cur-
rent density of ~300mA/cm2 (calculated from the current divided by a cross area of 0.1cm2) before the device break-
downs. The quantum efficiency also decreases because defects are generated by high electric field between bulks and 
electrodes. High electric field and heats would induce interface defects as well as bulk defects of device. Especially, ow-
ing to the heating effect, thick device would storage more heats than thin devices from nonradiative recombination in the 
bulk layer. Therefore, traps were not generated seriously in the electrode interfaces for 105nm devices, but traps in thick 
devices were generated seriously for thick devices. That is why thin devices have larger luminance intensities than thick 
devices.  
 
 
 
  Figure 4: L-I curve measured from OLEDs in different thicknesses. (A), (B), (C) and (D) correspond to devices with thicknesses of 
105nm, 195nm, 285nm and 555nm, respectively. 
 
3.2 Curve-fitting results 
 
From the experimental results, we can assume the carrier transport of thick OLEDs is primarily affected by the traps 
within the bulk layers. In the case of low current injection, the two Shocktty contacts between Alq and metal as well as 
CuPc and ITO are dominant for carrier transport. The Shocktty contact can be modeled as a constant resistor R0 at the 
interface. Therefore, in Fig 2, the slopes of the four I-V curves are similar as the current level is low. On the other hand, 
the nonlinearity of I-V curves exhibits significantly in the case of high current injection. The threshold voltage increases 
as the device thickness. In order to gain more understanding in the possible mechanisms of carrier transport in thick de-
vices, we first applied the space-charge-limited-current (SCLC) theory10, 12 to fit the measured I-V curves. However, 
from the measured data, we found the thickness-dependant threshold voltage also needs to be considered. Thus, a modi-
fied SCLC (MSCLC) was given by   
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 I=K(V-Vth)2                                                (2)                    
 
, where Vth means the threshold voltage which is a function of thickness and K is a constant. As shown in Fig. 5, the 
measured I-V curves were fitted by Eq (2) very well especially for the thick devices in the case of high current injection. 
The K factors of the four devices were also extracted. According to the fitting results by computer software, the modified 
factors (so called K) are equal to 0.00025, 0.00041 and 0.00012 for 195nm, 285nm and 555nm devices, respectively. 
 
 
 
 Figure 5: Fitting and measured I-V curves. (B), (C) and (D) correspond to devices with thicknesses of 195nm, 285nm and 555nm, 
 respectively. 
 
In second part, the curve fittings are also used to deduce MSCLC in high level injection. The discussing voltages in 
high level injection are defined to be lower than breakdown voltages. Because larger electric fields were induced in 
thinner devices (105nm and 195nm), defects induced by electric fields dominate the fitting results in those devices. 
Therefore, it was very hard to have exact fitting results by using SCLC as well as MSCLC models in high level injec-
tions. As mentioned before, MSCLC model was different from SCLC. MSCLC model is further consider the region of 
about traps state as devices are operate from middle to high level injections. MSCLC model modified the SCLC model 
by introducing the xVth0 into the second polynomial term. The variation x is scaling time for thick device. 
 
As we mentioned before, Vth0 is equal to 4.6V. From Fig. 2, we can also acquire the Vth(x) for x=2, x=3 and x=6 de-
vices are equal to 8.5V, 13.0V and 24.0V, respectively. Therefore, we can approximately conclude that Vth(x) is equal to x 
Vth0 and write the equation (3). By checking Fig.5, two assumptions should need to be proposed initially. First assump-
tion is that trapping states are full-filling when device thicknesses is larger than 285nm, and another one is that injection 
current densities are over than 20mA/cm2, respectively. Then, we choose proper K factors under those two assumptions, 
and MSCLC model can be successfully fitted for both 285nm and 555nm devices (as shown in Fig. 5). 
 
I=2mA
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                                         Vth(x) = x Vth0                                          (3) 
 
                                         I=K(V-Vth(x))2                                         (4) 
 
Where Vth(x) means that Vth is function of x and K is modified factor. From above equation (3) and (4), one can predict 
the I-V characteristics in thick devices by determining the K factor and Vth0 for a thick OLED. However, K factors were 
only gotten from methods of try and error. 
 
We had tried to think about the physical meanings of MSCLC model. The equation (4) may be due to two reasons. 
One is that traps were fully filled after applied voltage over than Vth. After that, the SCLC model can be used for thick 
devices again. But the applied bias (V) between the devices should be subtracted to a Vth. Therefore, voltage term in 
SCLC model can be replaced by (V-Vth). Physical meaning for another is about K factors, and the explanations were 
discussed below. First of all, it is well-known that mobility is electric field and temperature dependence. This depend-
ence, often called “Poole-Frenkel like” although the mechanism is now recognized not to be Poole-Frenkel, has been 
explained as arising from energetic disorder due to the interaction of each hopping charge with randomly oriented and 
randomly located dipoles in the amorphous medium12. At the same times, K factors must also be function of mobility and 
device thicknesses. In this study, current losses increase as thicknesses increase when devices is in the same currents. 
That is why more heat would be generated in 555nm device. Therefore, Electric field, temperature and thickness will 
dominate the K factors at the same times. To calculate K factor by known parameters doesn’t be done yet. So, K factors 
were only gotten from methods of try and error. In order to explain the K factor of fitting results, we can compare the 
effects of mobility (µ) and thickness (L) by using SCLC model. Instead of mobility increased by raising temperature, 
thickness effect in equation (1) dominated the K factors. Eventually, K factor of 285nm device was higher than 555nm 
device in the fitting results. 
 
4. CONCLUSIONS 
 
 
In summary, we have experimentally study the electronic and optical characteristics of thick OLEDs with 
ITO/CuPc/NPB/Alq/Mg:Ag structures. Various devices via controlling the thickness of NPB and Alq layers were test. 
We found the threshold voltage increases with the device thickness while the breakdown electric field decreases. The 
quantum efficiency reduces and easily saturates in the case of high current injection in thick OLEDs. We also found the 
I-V curves of thick devices principally follow a modified SCLC model, which comprehensively explains the carrier 
transport due to the trap effect in bulk organic semiconductors. These results will be important for researching OLDs in 
the future. 
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